Single-crystals of the new ferromagnetic superconductor UCoGe have been grown. The quality of asgrown samples can be significantly improved by a heat-treatment procedure, which increases the residual resistance ratio (RRR) from $5 to $30. Magnetization M(T) and resistivity r(T) measurements show the annealed samples have a sharp ferromagnetic transition with a Curie temperature T C is 2.8 K.
Introduction
Recently, we reported a new ambient-pressure ferromagnetic superconductor: UCoGe [1] . The other members of the family of ferromagnetic superconductors are UGe 2 [2] (under pressure), UIr [3] (under pressure) and URhGe [4] . Upon cooling these materials to low temperatures, they undergo a transition to an itinerant ferromagnetic state, followed by a superconducting transition in the subkelvin temperature range. Surprisingly, superconductivity coexists with ferromagnetism. The coexistence of superconductivity and ferromagnetism is unusual, because in the standard BCS scenario both ordering phenomena are mutually exclusive. Evidence has been presented that in these ferromagnetic superconductors an alternative scenario is at play: on the border of ferromagnetism, critical ferromagnetic spin fluctuations mediate unconventional superconductivity with spin-triplet pairing [2, 5] . However, a generic, microscopic explanation is still lacking.
Ferromagnetism and superconductivity in UCoGe was first reported for polycrystalline samples [1] . UCoGe crystallizes in the orthorhombic TiNiSi structure (space group P nma ) [6] . Powder X-ray diffraction patterns taken at room temperature confirmed the TiNiSi structure and the lattice parameters extracted are: a ¼ 6.845 Å , b ¼ 4.206 Å and c ¼ 7.222 Å . Magnetization measurements show UCoGe is a weak itinerant ferromagnet with a Curie temperature T C ¼ 3 K, and a very small ordered moment m 0 ¼ 0.03 m B . Superconductivity was observed with a resistive transition temperature T s ¼ 0.8 K for the best samples (as characterized by the residual resistance ratio RRR ¼ R(300 K)/ R(1 K) ¼ 30). The proximity to a ferromagnetic instability, the defect sensitivity of T s , and the absence of Pauli limiting provided evidence that UCoGe is a spin-triplet superconductor [1] . Obviously, to explore magnetically mediated superconductivity in UCoGe, high-quality single-crystals are required.
Recently, we have succeeded in preparing single-crystalline samples of UCoGe with good magnetic and superconducting properties. These first crystals enabled us to study the anisotropy in the normal-and superconducting state properties [7] . Magnetization data revealed ferromagnetism in UCoGe is uniaxial and the ordered moment points along the orthorhombic c-axis. A study of the anisotropy in the upper critical field B c2 provided evidence that the superconducting gap function is unconventional and has point nodes along the direction of m 0 [7] . In this paper we describe the sample preparation process. Notably, we show that a long-term annealing procedure can improve the sample quality considerably, i.e. from RRR ¼ 5 for the as-grown sample to RRR ¼ 30 for the annealed samples.
Experimental
A polycrystalline batch with nominal composition U 1.01 CoGe was prepared by arc melting the constituents (natural U 3 N, Co 3 N and Ge 5 N) in a water-cooled copper crucible under a high-purity argon atmosphere. Next, a single-crystalline rod was pulled from the melt using a modified Czochralski technique in a tri-arc furnace under a high-purity argon atmosphere. The phase homogeneity and the stoichiometry of samples were investigated by electron probe microanalysis (EPMA). The single crystallinity was checked by Laue backscattering. To improve the sample quality, several pieces of the single-crystalline rod, cut by sparkerosion, were wrapped in tantalum foil and annealed in an evacuated quartz tube for one day at 1250 1C and 21 days at 880 1C. This heat-treatment procedure is similar to the one applied to the ferromagnetic superconductor URhGe [8, 9] .
The temperature dependence of the dc magnetization for magnetic fields applied along the different crystallographic directions was measured in a SQUID magnetometer down to temperatures of 2 K and magnetic fields up to 5 T. Measurements of the electrical resistivity were carried out using a standard fourprobe low-frequency ac-technique with the current applied along the principal axes in the temperature range between 0.25 and 10 K.
Results and discussion
3.1. As-grown single crystal . The data for BJc suggest the sample may have a magnetic transition with a Curie temperature below 2 K. In the lower panel of Fig. 2 we show the resistivity data. The onset of superconductivity is observed at 0.33 K, but the transition is not complete at the base temperature of the 3 He refrigerator (0.24 K).
The broad weak hump observed in r(T) indicates the ferromagnetic transition is very much smeared. This we attribute to disorder. The residual resistance ratio amounts to $5, which indicates a poor sample quality. The disorder is possibly caused by Co and Ge site inversion. Notice, the TiNiSi structure is an ordered variant of the CeCu 2 structure in which Co and Ge atoms randomly occupy the 4c positions [10] .
Annealed single crystal
After annealing the single-crystalline nature of the samples is preserved as shown by Laue pictures and, most importantly, the sample quality is significantly improved.
The temperature dependence of the magnetization M(T) of annealed single-crystalline UCoGe measured in a field of 0.01 T applied along the principal crystallographic axes is shown in Fig. 3 . The Curie temperature T C ¼ 2.8 K is determined by taking the inflection point in M(T) for BJc or the temperature at which dM(T)/dT has a minimum. T C determined in this way agrees well with T C deduced from the Arrott plots (not shown) and the location of the sharp kink in the resistivity curve (see Fig. 4 ). The magnetization curve M(T) for BJc can be described by the relation
2 ) for weak itinerant ferromagnets [11, 12] , uniaxial ferromagnet with the ordered moment pointing along the c-axis. The temperature dependence of the resistivity of annealed single-crystalline UCoGe for a current along the a-axis is shown in Fig. 4 . The RRR value amounts to 30. Proper superconducting and ferromagnetic phase transitions are observed. The magnetic transition is represented by a sharp kink at T C ¼ 2.8 K, and superconductivity appears at temperatures below T s ¼ 0.65 K. However, the superconducting transition is still relatively wide, DT s ¼ 0.1 K. These transition temperatures are in good agreement with those obtained on the best polycrystalline samples [1] . In the ferromagnetic phase (T s oTo0.8T C ), the resistivity obeys the relation r$T 2 due to scattering at magnons. In the temperature range T C oTo3T C , the resistivity is well described by a term r$T 5/3 that signals scattering at critical ferromagnetic spin fluctuations [12] . The temperature dependence of the resistivity of UCoGe is characteristic for a weak itinerant electron ferromagnet [12] . The r(T) data indicate that superconductivity coexists with ferromagnetism, while the critical scattering provides evidence that UCoGe is located near the border of long-range magnetic order.
Summary
We have reported the effect of annealing on the magnetic and transport properties of single-crystals of the new ferromagnetic superconductor UCoGe. We find that the sample quality is significantly improved by a long-term annealing procedure. The annealed single-crystals order ferromagnetically at T C ¼ 2.8 K, and superconductivity is observed below T s ¼ 0.65 K. Magnetization data reveal that UCoGe is a uniaxial ferromagnet with an order moment M 0 ¼ 0.06 m B pointing along the orthorhombic c-axis.
The successful growth of single-crystals of UCoGe offers a unique opportunity to study superconductivity stimulated by critical spin fluctuations by techniques like inelastic neutron scattering. Moreover, it offers excellent prospects to probe the intriguing properties of ferromagnetic superconductor in great detail. 
